ABSTRACT
Plants subjected to water deficit accumulate ABA by de novo synthesis to levels up to 50-fold above that found in nonstressed plants (23) . ABA accumulation increases plant water conservation through reduction of stomatal aperture and shoot growth inhibition (23) . ABA also promotes plant adaptation to water deficit by stimulating root growth and proline accumulation (23) . Stress-induced ABA biosynthesis in plants is correlated with reductions in turgor (1, 15) . Therefore, one or more steps in the ABA biosynthetic pathway is induced by turgor loss.
Several lines of evidence indicate that the biosynthesis of ABA proceeds via the 'indirect pathway' utilizing either 9'-cis-neoxanthin or 9'-cis-violaxanthin as the ultimate precursor with Xan2 as an intermediate (9, 10, 14, 16, 17, 23) . Cell-free extracts from turgid leaves oxidize Xan to ABA at extremely high rates, suggesting that regulation of ABA biosynthesis occurs before Xan (19) . Because bulk violaxanthin and neoxanthin levels are high in most tissues, possible ratelimiting steps in the ABA biosynthetic pathway are the isomerization of a trans-xanthophyll to the corresponding 9-cis-xanthophyll or cleavage of a xanthophyll (such as violaxanthin) to form Xan.
15O-labeling experiments show incorporation primarily
into the side chain carboxyl group of ABA (2, 16) , suggesting that oxidative cleavage occurs at the 11,12 (11',12') double bond of xanthophylls containing oxygen atoms at carbons 6 (6') and 3 (3') (carotenoid-numbering system). In vitro studies have demonstrated that both enzymic and chemical oxidation of violaxanthin can produce Xan, although in low yields (1-4% of the added violaxanthin [14] ). In water-stressed leaves, the observed 1:1 M stoichiometry between changes in certain xanthophylls and ABA and its catabolites suggests that a specific cleavage of the 11,12 (11',12') double bond is occurring (9, 10) .
In this paper, we describe a series of experiments utilizing inhibitors to define characteristics of the in vivo cleavage reaction involved in ABA biosynthesis. The results suggest that biosynthesis of ABA requires activity of a nonheme oxygenase having LOX-like properties.
MATERIALS AND METHODS Plant Material
Xanthium strumarium L., Chicago strain (seeds a gift of J.A.D. Zeevaart), was grown in a growth chamber under LD (20 h light:4 h dark) and 250C for 5 to 6 weeks. The youngest, fully expanded leaf blade was used in all experiments. Leaves were wilted until they had lost 13% of their fresh weight and then placed in plastic bags or in 250-mL Erlenmeyer flasks sealed with a serum stopper. Flasks were immediately evacuated and flushed with N2. The flushing step was repeated twice. Some leaves were rehydrated by immersing in water 6 h after imposition of stress. If leaves were to be incubated in the presence of CO, varying amounts of CO (Scott Specialty Gases, 99.3%) were added, and then the flask was allowed to fill with room air. Flasks were then incubated for 6 h in darkness and subsequently frozen in liquid N2 until extracted for ABA. All experiments were repeated at least After a 6-h incubation period, tissue and media were separated by filtration and analyzed for ABA content. All experiments were repeated at least twice.
In another series of experiments, 3-d-old etiolated soybean seedlings were cut at the root/shoot interface and allowed to take up either distilled water, 10 gM ETI, or 10 uM ETYA for 12 h. The mature region of the hypocotyl was excised and either frozen immediately in liquid N2, wrapped in plastic wrap, or stressed by dehydrating until fresh weight declined by 17%. Samples were then wrapped in plastic wrap, and after a 6-h incubation, tissue was frozen in liquid N2.
ABA Extraction and Quantitation ABA was extracted from tissue and media samples and analyzed as previously described (3) except that purification on Ci8 Sep-Paks (4) was included before the ether partition step. Analysis of ABA and PA described in Table I was performed as described in ref 4 .
RESULTS AND DISCUSSION
The oxygenase implicated in carotenoid cleavage may contain a heme group (resembling a P-450 monooxygenases) or not (similar to LOX). A potent inhibitor of microbial P-450 monooxygenases is 50% CO (13) . CO concentrations up to 70% had little effect on stress-induced ABA accumulation in Xanthium ( Fig. 1 ; Table I ), suggesting that the oxygenase catalyzing the carotenoid cleavage step does not contain heme. Juttner and Hoflacher (7) concluded that ,-carotene 7,8 (7',8') oxygenase, which catalyzes the oxidative cleavage of ,8-carotene to ,B-cyclocitral and crocetindal, was a nonheme oxygenase because enzyme activity was not inhibited by 50% CO. In another system, CO also inhibited the P-450 catalyzed _ 20-. conversion of ABA aldehyde to ABA (15) . In ABA catabolism, a P-450 monooxygenase converts ABA to PA (4, 5), and, as expected, CO significantly reduced the accumulation of PA in stressed and subsequently rehydrated Xanthium leaves (Table I) . In stressed leaves, PA accumulates slowly compared with stressed and subsequently rehydrated leaves. The slight inhibition of PA accumulation observed in stressed leaves was not unexpected given the fact that accumulation of PA in stressed leaves occurs at a slower rate than in stressed and subsequently rehydrated leaves (Table I) .
Previously, it was demonstrated that incubation of violaxanthin with soybean LOX could produce Xan and trans-Xan, although in low yields (14) . This observation, plus the inability of CO to inhibit stress-induced ABA accumulation (Fig.  1 ), suggested that a LOX-like enzyme may be involved in ABA biosynthesis. To test this idea, several compounds known to inhibit soybean LOX in vitro (6, 8, 10, 18, 21) were incubated with soybean cell suspension cultures, and their ability to inhibit osmotic stress-induced ABA accumulation was determined (Fig. 2) . ETYA, an arachidonic acid analog, irreversibly inactivates LOX (8, 18) . ETI is an ETYA analog 0-1
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Carbon Monoxide (%) Figure 1 . CO does not inhibit stress-induced ABA accumulation in Xanthium leaves. Stressed leaves were incubated in different concentrations of CO for 6 h. ABA levels in unstressed Xanthium leaves at 0 and 6 h were 2.9 ± 1.2 and 1.8 ± 0.7 yg/g dry weight, respectively. Results are means ± SD. designed specifically to not inhibit mammalian cyclooxygenase (6, 18) . ETI will inhibit mammalian 5-and 12-LOX but not 15-LOX (6) . NDGA changes the oxidation state of LOX, reducing the iron atom in the iron-enzyme complex to the inactive ferrous state (11, 18) . Naproxen, a nonsteroidal antiinflammatory drug, has been shown to inhibit soybean LOX activity (21) .
Cell suspension cultures were used to facilitate penetration of inhibitors used in this study. As shown previously (4), addition of a nonpenetrating solute such as mannitol (at 0.6 M) caused a significant increase in ABA content in both tissue and medium (Fig. 2) . LOX inhibitors (with the exception of ETI) at concentrations ranging from 1 to 10 gM significantly inhibited ABA accumulation in response to osmotic stress (Fig. 2) . At concentrations up to 30 FM, ETI had little or no effect on ABA accumulation (data not shown) using suspension cultures. The inability of ETI to inhibit ABA accumulation was unexpected because ETI can inhibit mammalian 5- and 12-LOX (5). When ETYA or ETI were taken up into soybean seedlings through the transpiration stream for 12 h, a significant reduction in dehydration-induced ABA accumulation occurred (Table II) . This latter result suggests that the inability of ETI to inhibit ABA accumulation in soybean suspension cultures may be due to reduced uptake (or increased inhibitor breakdown) of this compound and not to specific enzymic characteristics of the oxygenase involved.
Little information regarding the oxidative cleavage step producing Xan from violaxanthin exists. The known mutants in the ABA biosynthetic pathway are distributed unevenly (summarized in ref. 22) . One cluster of mutants occurs at the conversion of ABA aldehyde to ABA (20) . Another cluster of mutants affects zeaxanthin epoxidation (17) . A lack of mutations affecting the cleavage step suggests the presence of multiple genes encoding the enzyme involved. Another possibility is that the cleavage reaction occurs nonenzymically. To gain more information concerning the cleavage step, we used CO (an inhibitor of heme-containing enzymes) and specific LOX inhibitors (ETYA, ETI, NDGA, naproxen). Our data suggest that the oxidative cleavage of certain xanthophylls that occurs during ABA biosynthesis is mediated by a nonheme oxygenase with a LOX-like active site. 
